ABSTRACT EZR, a member of the ezrin-radixin-moesin (ERM) family, is involved in multiple aspects
INTRODUCTION
Global transcriptional analyses have demonstrated that mammalian genomes contain large numbers of long noncoding RNAs (lncRNAs), which are longer than 200 nt and do not encode proteins (1) (2) (3) (4) (5) (6) (7) . Among these, antisense lncRNAs are defined as lncRNAs transcribed from the antisense strand of well-defined transcriptional units (8, 9) . Though most lncRNAs are expressed at levels lower than proteincoding transcripts, antisense lncRNAs play important roles in regulating gene expression. In recent years, significant insight has been gained into the molecular mechanisms by which antisense lncRNAs function (10, 11) . Among these, interaction with proteins is one of the most common ways. Antisense lncRNAs interact with transcription factors (12) , chromatin remodelers (13) and histone methylases and demethylases (14, 15) , and thus participate in all stages of gene expression (10, 16, 17) , from transcription to translation (18, 19) .
Ezrin (EZR), a member of the ezrin-radixin-moesin (ERM) family of cytoskeletal proteins, links the actin cytoskeleton to the plasma membrane. Through modulation of the cytoskeleton and as a regulator of signaling molecules, EZR participates in many cellular processes essential for normal growth, such as adhesion, cell polarity and migration, cytokinesis, and formation of surface structures (20) (21) (22) (23) . Since EZR overexpression in many human cancers promotes cell migration, correlates with poor prognosis and is a therapeutic target, we and others have been prompted to identify the key molecules involved in EZR regulation (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) .
The firefly luciferase-expressing plasmids pGL3-Basic (pGLB) and pGL3-Promoter (pGLP), and Renilla luciferase-expressing plasmid pRL-TK were purchased from Promega. Antibody against EZR (MS-661-P1, mouse monoclonal antibody) was purchased from Neomarker. Anti-SMYD3 antibody-ChIP Grade (ab85277, rabbit monoclonal antibody), anti-RNA polymerase II antibody-ChIP Grade (ab26721, rabbit monoclonal antibody), anti-SP1 antibody-ChIP Grade (ab13370, rabbit monoclonal antibody) and anti-Histone H3 (tri-methyl K4) (H3K4me3) antibody-ChIP Grade (ab213224, rabbit monoclonal antibody) were purchased from Abcam. Antibodies against ␤-actin (sc-47778, mouse monoclonal antibody), ␤-tubulin (sc-23949, mouse monoclonal antibody) and EGFP (sc-9996, mouse monoclonal antibody) were purchased from Santa Cruz Biotechnology. Anti-Flag M2 monoclonal antibody (F3165) was from Sigma. All other reagents were of analytical reagent grade. pGLBhE(−1324/+134), pGLB-hE(−697/+134) and pGLBhE(−87/−134) luciferase reporter plasmids, and pCMV, pCMV-SP1 and pCMV-C-Jun plasmids were described in our previous work (37) . pGLB-hE(−1324/+550), pGLB-hE (−87/+550), and pGLB-hE (−1324/+134-mSBS2), pGLB-hE (−697/+134-mSBS2) and pGLB-hE (−1324/+550-mSBS2) with a mutated SMYD3 binding site-2, and pGLB-hE(−1324/+550-mSBS1) and pGLBhE (−87/+550-mSBS1), both with a mutated SMYD3 binding site-1, were synthesized by GENEWIZ (Suzhou, China). Plasmids with mutated SMYD3 binding sites were constructed by replacing CCCTCC with ATAGAA. Full-length EZR-AS1 (NR 102425.1, 362 bp) and EZR-AS1 antisense were also synthesized by GENEWIZ and cloned into the pcDNA3.1 vector (Invitrogen). EZR-AS1/1-137, EZR-AS1/1-281, EZR-AS1/131-281, and EZR-AS1/131-362 were generated by polymerase chain reaction (PCR), using primers shown in Table 1 , and subcloned into pcDNA3.1. SMYD3/1-428, SMYD3/40-428, SMYD3/100-428, SMYD3/250-428 and SMYD3/1-250 constructs were cloned into a pcDNA3.1-Flag vector using primers shown in Table 1 .
ESCC tissue specimens
We collected paired tumor and adjacent normal tissues from 30 patients who underwent surgical resection, for ESCC, at the Shantou Central Hospital between 2012 and 2013. After being examined by a pathologist, tissues were immediately frozen in liquid nitrogen and stored at -80
• C. Transcriptome sequencing (RNA-seq) of 15 pairs of human ESCC tissues and pair-matched normal esophageal tissues was performed by the Shanghai Biotechnology Corporation. Transcriptome sequencing data are available publicly at the Sequence Read Archive (http://www.ncbi.nlm.nih. gov/sra/) under accession number SRP064894 (41) . Written informed consent was obtained from all patients or their appropriate surrogates. This study was approved by the ethics committees of Shantou Central Hospital and Shantou University Medical College.
Cell culture, plasmid transfection and RNA interference
Cell lines used in this study and related cell culture general information have been described previously (35) . Briefly, KYSE150 and KYSE510 esophageal carcinoma cells were maintained in RPMI 1640 medium (Thermo Scientific) containing 10% fetal bovine serum (Thermo Scientific), penicillin-G (100 units/ml) and streptomycin (100 g/ml), and incubated at 37
• C in a humidified atmosphere containing 5% CO 2. KYSE150 and KYSE510 cells were seeded into plates and cultured for 12-24 h until 70-80% confluence. Plasmids were transfected into KYSE150 or KYSE510 cells using Lipofectamine 3000 (Invitrogen). Then cells were cultured and used for further analysis.
EZR-AS1 siRNAs were targeted to the non-overlapping domain between EZR and EZR-AS1, specifically siEZR-AS1-1 is located within the third exon of EZR-AS1, while siEZR-AS1-2 stretched across the second and third exons of EZR-AS1 ( Figure 1A ). Both siRNAs were synthesized by GenePharma (Suzhong, Jiangsu, China), as was the scrambled siRNA (NC). ESCC cells were transfected with 30 nM siRNA using Lipofectamine 3000 (Invitrogen) according to the manufacturer's instructions, and harvested at 48 h post-transfection. When transfecting both EZR-AS1 siRNAs 1 and 2 together, we transfected 15 nM of each EZR-AS1 siRNA. When transfecting either EZR-AS1 siRNA 1 or 2, 15 Primers for EZR-AS1 constructs  EZR-AS1-1F  5 -CGCGGATCCAAGAACCCTGTTCCCCAGG -3  EZR-AS1-131F  5 -CGCGGATCCCACACTGCTGTTTGGGCAAC-3  EZR-AS1/131-281  AS-137R  5 -CCGGAATTCCAGTGTGTCCCAGAAACCG-3  EZR-AS1/1-137  AS-281R  5 -CCGGAATTCTCCAAGGTTGGCTGATTCCA-3  EZR-AS1/1-281  AS-348R  5 -CCGGAATTCTTCTGTATTGGATTTTTATTGGT-3  EZR-AS1/131-348  Primers for SMYD3 constructs  SMYD3-126F  5 -CTCGAGATGGAGCCGCTGAAGGTGG-3  SMYD3/1-428  SMYD3-243F  5 -CTCGAGGTGTGCAAGGGGAGTCGTG-3  SMYD3/40-428  SMYD3-426F  5 -CTCGAGTCCGTTCGACTTCTTGGCAGAG-3  SMYD3/100-428  SMYD3-876F  5 -CTCGAGAAGCAGCTGAGGGACCAGTAC-3  SMYD3/250-428  SMYD3-1409R 5 -GAATTCGGATGCTCTGATGTTGGCGTC-3 SMYD3-876R GAATTCGTACTGGTCCCTCAGCTGCTT SMYD3/1-250 EZR-SF1  GAGGTCAAAATCTCAGAAGAGGC  SBS1  EZR-SR1  CTCCCACTTGCAGATCCAGG  EZR-SF2  GTCCAGCGATTCCCCCAAG  SBS2  EZR-SR2  AAGTGGGGAGGCTGTTTGTC  EZR-SF3  CCCCTCTTCTCCGCCTCT  SBS3  EZR-SR3  CTCAGTGGGGAGGATCGG nM of the EZR-AS1 siRNA was combined with 15 nM scrambled siRNA so that a total of 30 nM siRNA was transfected. The two siRNA oligonucleotide sequences were as follows: EZR-AS-siRNA-1 (Homo sapiens), 5 -UAUUUUCCAAAUCUUUUCC -3 ; EZR-AS-siRNA-2 (Homo sapiens), 5 -UGUAGAACCUGAAUAGAGG -3 . For SMYD3 siRNA, the two siRNA oligonucleotide sequences were as follows: SMYD3-siRNA-1 (H. sapiens), 5 -AGUAUCUCUUUGCUCAAUCAA -3 ; SMYD3-siRNA-2 (H. sapiens), 5 -CAAGUAUGGAAGGAAGUUCAA-3 . Small hairpin RNA lentiviruses for EZR-AS1 and SMYD3 were purchased from GenePharma of China. The shRNA sequences were identical to the siRNAs and were ligated into the pGLV3/H1/GFP/+Puro Vector. The lentiviruses encoding shRNAs were used to simultaneously infect ESCC cells, following the manufacturer's instructions, when cells reached 30% to 40% confluence. Seventy-two hours later, cells were harvested for further analysis or selected in puromycin to established stable cell line.
Primers for ChIP

RNA purification and qRT-PCR analysis
Total RNA from ESCC tissue samples or ESCC cells was isolated with TRIzol (Invitrogen) as per the manufacturer's instructions, and the concentration determined by a Nanodrop (Agilent). One microgram total RNA was reversetranscribed into cDNA by a Reverse Transcription System (Promega) according to the manufacturer's protocol. Quantitative real-time PCR (qRT-PCR) was performed by GoTaq ® qPCR Master Mix (Promega) using a 7500 RealTime PCR System (Applied Biosystems). Primer pairs for target genes used in the PCR assay are described in Table 1 . ␤-Actin was measured as an internal control and used for normalization. RNA expression was normalized against the relative value from the NC control group. All experiments were replicated at least three times with n = 4 samples per experiment.
For cytoplasmic RNA and nuclear RNA separation assays, cells were washed twice with cold PBS and gently resuspended in hypotonic buffer (20 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl 2 ). Then NP40 was added to a final concentration of 0.5% and the cell suspension was vortexed for 10 s, then centrifuged at 3000 rpm for 10 min at 4
• C. The supernatant, representing the cytosol, was collected and an equal volume of chloroform was added, followed by centrifugation for 10 min at 4
• C. The upper aqueous phase was transferred to a clean tube, and cytoplasmic RNA was isolated by mixing with an equal volume of ethanol according to the manufacturer's instructions. The nuclear pellet was resuspended and washed once with cold PBS, then centrifuged for 10 min at 4
• C. The supernatant was discarded, and 1 ml Trizol was added to extract nuclear RNA. U6 small nuclear RNA (snRNA) and GAPDH mRNA were used as internal controls.
For RNase protection assays, cells were handled as previously described (42) . Briefly, cells were collected by centrifugation and permeabilized in PBT (PBS; 0.05% Tween 20), then treated with 1000 U/ml RNase A, 1000 U/ml RNase H (Takara) or 1000 U/ml RNase inhibitor for 8 h at 25
• C. RNA was then isolated with TRIzol (Invitrogen), and subsequently analyzed by qRT-PCR.
Western blotting
Cells were washed with ice-cold PBS, lysed on ice in RIPA buffer containing 1× complete protease inhibitor cocktail (Roche) and sonicated. The protein content in the lysates was detected using a BCA protein assay kit (Bio-Rad). Protein from Nude/Nude mice tissue samples was also isolated with RIPA buffer. Then equal amounts of whole cell extracts or tissue extracts were boiled at 100
• C for 10 min in loading buffer, and were resolved by 10% SDSpolyacrylamide gel electrophoresis, using standard methodology, followed by transfer to a PVDF membrane (Roche). Blots were incubated with antibodies against EZR (1:500 dilution), SMYD3 (1:1000 dilution), RNA polymerase II (1:1000 dilution), SP1 (1:1000 dilution), ␤-actin (1:4000 dilution), ␤-tubulin (1:1000 dilution), EGFP (1:1000 dilution) and Flag-tag (1:10 000 dilution). Signals were detected, with luminol reagent, using a ChemiDoc Touch (Bio-Rad).
Dual-luciferase reporter assay
Cells were co-transfected with a reporter firefly luciferaseexpressing plasmid (1 g), and a Renilla luciferaseexpressing plasmid pRL-TK (20 ng) as the internal control, using Lipofectamine® 3000 Reagent (Invitrogen) according to the manufacturer's protocol after culturing in 96-well plates for 12-24 h. In the EZR-AS1 knockdown and EZR-AS1 overexpression experiments, ESCC cells were also transfected with EZR-AS1 siRNA or EZR-AS1 plasmids, respectively. After 48 h, luciferase activity was measured with a Dual-Luciferase Reporter Assay System (Promega) as described (35) .
Immunofluorescence
The location of Flag-SMYD3 or truncated SMYD3 in ESCC cells was measured by confocal microscopy as previously described (43, 44) . Briefly, KYSE 150 cells transfected with Flag-SMYD3 or truncated SMYD3 were fixed with 4% paraformaldehyde for 10 min at room temperature. After washing with PBS, the cells were permeabilized in 0.1% Triton X-100 in PBS for 10 min at room temperature. After washing with PBS, the cells were blocked for 1 h in PBS containing 5% donkey serum. After washing with PBS, the cells were incubated with anti-Flag (mouse, F3165, Sigma, 1:200 in blocking buffer) for 2 h at room temperature. After washing with PBS, the cells were incubated for 1 h at room temperature with Alexa Fluor ® 488-conjugated donkey anti-mouse IgG (H + L) secondary antibodies (715-545-150, 1:200 in PBS, Jackson ImmunoResearch Laboratories, Inc.), followed by washing with PBS. Nuclei were then counterstained with DAPI, and the slides were mounted, and viewed using a confocal microscope (LSM880, Zeiss) with 40×, 1.43 NA, oil-immersion objective lenses.
Cell migration assay
KYSE150 and KYSE510 cells were transfected with two different siRNAs targeting EZR-AS1, or a mixture of siRNAs and EGFP or EZR-EGFP, and then cells were starved in serum-free medium for 12 h after being transfected for 36 h. Cell migration was assessed using an xCELLigence RealTime Cell Analysis (RTCA) DP instrument (Roche Applied Science, Mannheim, Germany), which was placed in a humidified incubator at 37
• C and 5% CO2. To prepare the CIM plate for the migration assay, each bottom chamber (BC) well was first filled with 170 l media, and ensured that a meniscus was formed in each well without trapping a bubble after the well was filled with media. Then the top chamber (TC) was placed facing downwards onto the BC to connect the two chambers, followed by addition of 30 l of serum-free media to the top chamber of each well. The CIM plate was placed onto the RTCA DP analyzer inside a 37
• C incubator and incubated for 1 h. Cells were trypsinized and resuspended in serum-free media to a concentration of 2 × 10 5 cells/ml. To each well, 20 000 cells (100 l of a 2 × 10 5 cell/ml suspension) were added in the top chamber before returning the CIM plate into the RTCA DP analyzer inside the 37
• C incubator and starting the software (45).
Animal studies
All animal studies were conducted in accordance with protocols approved by the Animal Research Committee of the Shantou Administration Center. Five-weekold male Nude/Nude mice were purchased from Vital River Laboratories (Beijing, China) and maintained in pathogen-free conditions, with water and food ad libitum. Mice were randomized into three groups, then footpads were inoculated with 1.0 × 10 6 cells for each of three stably-transfected KYSE150 cell lines, shRNAcontrol+GFP (control), shEZR-AS1 + GFP (EZR-AS1 knockdown) and shEZR-AS1 + ezrin-GFP (overexpression of EZR following EZR-AS1 knockdown) (46) . Tumor growth was monitored daily, and tumor size was measured (length × width 2 ) every three 3 days following the appearance of tumors at about 12 days after injection. At approximately 22 days after tumor cell injection, when tumors had spread to the leg, mice were euthanized, and tumors were excised and weighed, then preserved in formalin for histological analysis (46) .
RNA-binding protein immunoprecipitation (RIP) assay
We performed UV crosslink experiments as previously described (47) . Before the RIP assay, cells in an open dish on ice were placed in a Stratalinker UV-light box and irradiated for 2 min, then collected for RIP assay. RIP assays were performed essentially as described (48) (49) (50) . Briefly, medium was removed and cold PBS added to each plate. Cells were softly scraped, collected in tubes, and centrifuged at 1000 rpm for 5 min at 4
• C. PBS was removed, and cells were lysed in cell lysis buffer (5 mM HEPES [pH 7.4], 85 mM KCL, 0.5% NP40) for 8 min at 4
• C with shaking. Samples were transferred to tubes and centrifuged at 5000 rpm for 5 min at 4
• C. Supernatant was removed, nuclei lysis buffer • C. Then nuclear lysates were sonicated and 10% of the lysate extracted with TRIzol (Invitrogen) to serve as 'input'. The remainder of the lysate was incubated with 40 l protein G-coupled Dynabeads (Life Technologies) for 30 min at 4
• C to decrease the background, followed by washing in lysis buffer and adding protein G-coupled Dynabeads with 3 g anti-SMYD3 antibody, anti-RNA Pol II antibody, anti-SP1 antibody or IgG control, then rotated overnight at 4
• C. After beads were sequentially washed 4 times in IP buffer (1:1 of nuclei lysis buffer without SDS) and two times in IP buffer containing 400 mM KCl. RNA was isolated by TRIzol (Invitrogen), incubated with DNase I (Sigma) and subjected to qRT-PCR. All RIP assays were performed in triplicate (primers in Table 1 ).
RNA pull-down assay
RNA pull-down assays were performed essentially as previously described (48) (49) (50) . Briefly, equal amounts of EZR-AS1, EZR-AS1 antisense, EZR-AS1/1-131, EZR-AS1/1-281, EZR-AS1/131-281 and EZR-AS1/131-362 plasmids were linearized at the Hind III site and purified from the enzyme and buffer by phenol/chloroform extraction and ethanol precipitation. Then plasmids were in vitrotranscribed with a Biotin RNA Labeling Mix (Roche) and T7 RNA polymerase (Roche) to label transcripts with biotin. Biotin-labeled RNA was treated with RNase-free DNase I (Roche), and purified with an RNeasy Mini Kit (Qiagen, Valencia, CA). The efficiency of transcribed biotinylated EZR-AS1 RNA and antisense EZR-AS1 RNA in vitro was detected by a Chemiluminescent Nucleic Acid Detection Module (Thermo, No. 89880), and then an equal amount of biotin-labeled RNA or unrelated RNA was added as a control to streptavidin Dynabeads. Samples were incubated on a turning wheel at room temperature for 15 min to immobilize RNA on the streptavidin dynabeads, then supernatant was removed and beads were washed with wash buffer (10 mM Tris-HCl, [pH 7.5], 1 mM EDTA, 2 M NaCl and 0.1% . At the same time, nuclear lysates were prepared using nuclei lysis buffer (300 mM NaCl, 20 mM Tris-HCl [pH 8.0], 0.2% Tween-20, 1 mM EDTA) as described in the RIP assay. Nuclear lysates were added to beads with immobilized RNA, and then incubated on a turning wheel overnight at 4
• C. After stringent washing with nuclei lysis buffer, samples were boiled for 10 min at 100
• C in loading buffer, and target proteins detected by standard western blotting.
Chromatin immunoprecipitation (ChIP)
Cells were grown to 60-70% confluence in 10-cm plates, and then ChIP was performed using an EZ-Magna ChIP Chromatin Immunoprecipitation Kit (Millipore). In short, cells were crosslinked with 1% formaldehyde for 10 min at room temperature, followed by the addition of glycine to each dish to quench unreacted formaldehyde. Then, after two washes with ice cold PBS, cells were lysed with cell lysis buffer and centrifuged at 800 × g at 4
• C for 5 min in a microcentrifuge. Supernatant was carefully removed and nuclear pellets were re-suspended in 0.5 ml of nuclear lysis buffer, then sonicated to create appropriately sized chromatin fragments. After sonication, the sonicated nuclei were centrifuged to remove insoluble material. Subsequently, supernatant was transferred to clean microfuge tubes in 50 l aliquots, which was sufficient for one immunoprecipitation. Then 3 g anti-SMYD3 antibody, anti-RNA polymerase II antibody, anti-H3K4me3 antibody or normal IgG was added to each nuclear extract, and extracts were further incubated at 4
• C overnight. Nuclear extracts were then incubated with magnetic protein A/G beads for 2 h at 4
• C to capture protein/DNA complexes, then beads were sequentially washed with low salt buffer, high salt buffer, LiCl wash buffer and TE buffer, then protein/DNA complexes were eluted and reverse cross-linked to free the DNA. Purified DNA was analyzed by qPCR with SYBR Green Master Mix (Promega), and relative enrichment was normalized to input, and expressed relative to values obtained after normal IgG immunoprecipitation. Primers used are listed in Table 1 .
For the RNase ChIP assay, KYSE150 cells were permeabilized in PBT (PBS; 0.05% Tween 20) and treated with RNase as previously described (42) . Upon completion of RNase treatment, a ChIP assay was performed, as described above.
Statistical analysis
Statistical analysis was performed using SPSS 18.0 software. Results are presented as mean ± SD. Student's t-tests were used to compare data between groups. Statistical significance was considered at P < 0.05.
RESULTS
EZR-AS1 upregulates EZR expression in ESCC
As an antisense lncRNA of the EZR gene, we investigated the possible relationship between EZR-AS1 and EZR, initially by examining their transcription levels in 15 pairs of human ESCC tissues and pair-matched normal esophageal tissues by RNA-sequencing (http://www.ncbi.nlm.nih.gov/ sra/, accession number SRP064894). The data revealed a positive correlation between EZR-AS1 and EZR gene expression (r = 0.861) in ESCC tissue ( Figure 1B) . Further, the expression of EZR-AS1 and EZR in a panel of seven human esophageal squamous cell carcinoma cell lines, and an additional 30 cases of human ESCC tissues displayed this positive correlation, as well as lower expression of EZR-AS1 compared to EZR, consistent with the RNA-seq data ( Figure 1C ). In addition, both EZR-AS1 and EZR were expressed at higher levels in ESCC tissue compared to normal tissue, but the correlation coefficient (r), of 0.527, was low in 30 cases of pair-matched normal esophageal tissues (Supplementary Figure S2) . These results suggest that antisense lncRNA EZR-AS1 could modulate EZR gene expression in ESCC cells. To confirm this hypothesis, we silenced EZR-AS1 expression by two different siRNAs that targeted EZR-AS1 in regions that did not overlap with EZR mRNA sequences. Compared with control, when the level of EZR-AS1 was decreased by 80%, the expression of EZR (variant 1), both at the mRNA and protein levels, was also reduced in both KYSE150 and KYSE510 cells ( Figure 1D and F). The same result was observed in KYSE150 cells with stably silenced EZR-AS1 expression ( Figure 1E and G). Furthermore, the overexpression of EZR-AS1 accompanied the enhanced expression of EZR (variant 1), both at the mRNA and protein levels, in KYSE150 cells ( Figure  1H and I). However, the expression of EZR (variant 2) was unaffected following either silencing or overexpression of EZR-AS1 ( Figure 1D , E and H). In addition, to ensure that EZR was reduced at the RNA level upon down-regulation of EZR-AS1, we characterized EZR levels by using another primer for the exon 12 of EZR gene variant 1 (EZR-exon 12-F/R, Table 1 ). As expected, EZR expression was significantly decreased following knockdown of EZR-AS1 and increased by the overexpression of EZR-AS1 (Supplementary Figure S3 ). Taken together, these results indicate that EZR-AS1 up-regulates EZR expression at both the RNA and protein levels in ESCC.
EZR-AS1 up-regulates EZR expression to promote ESCC cell migration both in vitro and in vivo
To explore the mechanism by which EZR-AS1 enhances EZR expression in ESCC, we used siRNA-mediated knockdown to exogenously manipulate expression of EZR-AS1. Real-time cell analysis (RTCA) showed that knockdown of EZR-AS1 did not affect cell proliferation compared with the control cells (Supplementary Figure S4) , but cell migration was significantly repressed (Figure 2A ). Transwell migration assays supported the same conclusions (Supplementary Figure S5A ). RTCA of KYSE150 cells, stably transfected with shEZR-AS1 to stably silence EZR-AS1 expression, showed that knockdown of EZR-AS1 expression significantly reduced ESCC cell migration compared with the control cells ( Figure 2B) . rescue of EZR expression in the RTCA assay showed that, though the migration was still less than the control, overexpression of EZR could significantly reverse EZR-AS1 knockdown-mediated suppression of ESCC cell migration ( Figure 2C and D) , similar to data from the transwell assay (Supplementary Figure S5B) , further confirming the role of EZR-AS1 in cell migration. These results suggest that EZR-AS1 up-regulates EZR expression to promote cell migration.
Further to explore whether the regulation of EZR by EZR-AS1 affects ESCC tumorigenicity in vivo, KYSE150 cell lines were stably transfected with shRNA-control+GFP (control), shEZR-AS1+GFP (EZR-AS1 knockdown) or shEZR-AS1+ezrin-GFP (overexpression of EZR following EZR-AS1 knockdown), and then were inoculated directly into the footpads of nude mice. More than twenty days after the injection, silencing of EZR-AS1 decreased the tumor volume compared with the control group. The mean tumor weight and the extent of invasion, in the shEZR-AS1 group, were lower compared with the control group ( Figure  3A-E and Supplementary Figure S6) , and the number of metastatic nodules was reduced in the shEZR-AS1 group ( Figure 3E) . Moreover, overexpression of EZR reversed the EZR-AS1 knockdown-mediated reduction of tumor volume, tumor weight, and number of metastatic lymph nodules ( Figure 3A -E and Supplementary Figure S6) . These results indicate that EZR-AS1 promotes ESCC cell migration in vivo through elevation of EZR expression.
EZR-AS1 regulates EZR transcriptional activity in ESCC cells by interacting with RNA polymerase II, but not by affecting the binding of SP1 and AP-1 transcription factors
Since the intracellular localization of antisense lncRNAs corresponds to the molecular mechanisms by which lncRNAs regulate genes, from transcriptional activation to posttranslational protein modification (51,52), we performed subcellular fractionation to identify the location of EZR-AS1 in ESCC cells. EZR-AS1 expression was 4-fold more abundant in the nuclear fraction relative to the cytoplasm in ESCC cells ( Figure 4A ), suggesting that EZR-AS1 may modulate EZR transcriptional expression. Further, to identify whether there was an EZR-AS1 responsive region, we transiently co-transfected three luciferase reporter constructs containing different fragments of the EZR promoter (i.e. the full-length cloned fragment (−1324/+134), a truncated cloned fragment (−697/+134) or an EZR promoter fragment (−87/+134)) with NC or siEZR-AS1 into ESCC cells. Luciferase reporter gene assays showed that knockdown of EZR-AS1 significantly reduced the −1324/+134 luciferase activity. Notably, the activity of the -87/+134 construct was significantly decreased following knockdown of EZR-AS1 ( Figure 4B ), whereas overexpression of EZR-AS1 enhanced the activity of the -87/+134 construct (Figure 4C) . The activity of pGL3-promoter and −1324/−697, which were used as negative controls, were not affected by EZR-AS1 knockdown or overexpression ( Figure 4D ). These results indicate that EZR promoter region -87/+134 contained the EZR-AS1 responsive sites and was activated by EZR-AS1.
Based on our previous demonstration that SP1/AP-1 binding sites, located within the EZR promoter region (−87/+134), not only function as basal transcriptional elements, but also serve as a composite TPA-responsive element (TRE) (35,37), we speculated that EZR-AS1 may recruit SP1 and AP-1 transcription factors to up-regulate EZR expression. However, luciferase reporter gene assays revealed that upon silencing of EZR-AS1 expression, SP1 and c-Jun continued to enhance the activity of −87/+134 construct, indicating that EZR-AS1 up-regulates EZR transcriptional expression, but did not affect the binding of SP1 and AP-1 transcription factors ( Figure 4E ). 3) . Graphs represent data from three independent transfection experiments in (A) to (C). *P < 0.05 or **P < 0.01, compared with the NC group; # P < 0.05, compared with the siEZR-AS1 or shEZR-AS1 group. Relative expression of EZR-AS1 and EZR in nuclear RNA and cytoplasmic RNA was detected by qRT-PCR in KYSE150 and KYSE510 cells. GAPDH and U6 were used as the cytoplasmic and nuclear loading controls, respectively. (B) Luciferase reporter genes driven by the −1324/+134, −697/+134 or −87/+134 EZR promoter region were transiently co-transfected with NC or siEZR-AS1-1+2 into KYSE150 and KYSE510 cells, and luciferase activity was measured after 48 h. Firefly luciferase activity was normalized to Renilla luciferase activity, and the relative value from the ESCC cells co-transfected with both pGLB-hE (−1324/+134) and NC was set to 100%. (C) pGLB-hE (−87/+134) was transiently co-transfected with pcDNA3.1 or EZR-AS1 into KYSE150 and KYSE510 cells, and reporter gene activity was measured by dual-luciferase analysis after transfection for 48 h. Firefly luciferase activity was normalized to Renilla luciferase activity and the relative value from the ESCC cells co-transfected with both pGLB-hE (−87/+134) and pcDNA3.1 was set to 100%. (D) pGL3-promoter and pGLp-hE (−1324/−697) were used as the negative control in EZR-AS1 stably-silenced or overexpressing KYSE150 cells. The detailed experimental procedure is the same as described above in (B) and (C). (E) pGLB or pGLB-hE (−87/+134), and pCMV, pCMV-SP1 or pCMV-c-Jun constructs were transiently cotransfected with NC or siEZR-AS1-1+2 into KYSE510 cells. After 48 h, luciferase activity was measured. Renilla luciferase activity served as the internal control and the relative value from ESCC cells co-transfected with pGLB, pCMV and NC was set to 1. (F) RNA immunoprecipitation (RIP) assay. In the RNA immunoprecipitation with UV, KYSE150 cells were UV-crosslinked. Then RNA immunoprecipitation was used to detect endogenous EZR-AS1 levels bound to RNA Pol II in UV-crosslinked cells or non-crosslinked cells. IgG, and SP1 antibody was used as negative controls. (G) RNA pull-down of biotin-labeled EZR-AS1 in KYSE150 cells. Western blot detected RNA polymerase II (RNA Pol II) in immunoprecipitates. Biotin-labeled EZR-AS1 antisense followed by probing for SP1 in precipitates was used as the negative control. (H) RIP assay after treatment with RNase H or RNase A. left, qRT-PCR analysis of endogenous EZR-AS1 levels in KYSE150 cells following permeabilization and treatment with RNase H or RNase A. Relative values for EZR-AS1 levels were normalized to the corresponding values for the RNase inhibitor-treated cells. Right, UV-crosslinked KYSE150 cells were treated with RNase H or RNase A and then RIP was performed using anti-RNA Pol II and -SP1 antibody, or control IgG. Total RNA was isolated and detected by qRT-PCR. ACTB (␤-actin) was used as the negative control. Mean ± SD (n = 3). All graphs show data from three independent experiments in (A) to (H). *P < 0.05 or **P < 0.01.
To explain why EZR-AS1 promotes the activity of EZR promoter -87/+134, independent of SP1 and AP-1 transcription factors, we performed RIP and RNA pull-down assay. The results showed a strong enrichment of EZR-AS1 by immunoprecipitation for RNA polymerase II, compared to immunoprecipitation for SP1 or IgG control in both UV-crosslinked and non-crosslinked cells. Moreover, the signal in the UV-crosslinked cells was stronger than that in the non-crosslinked cells ( Figure 4F ). In the RNA pulldown experiment, we firstly prepared biotin-labeled EZR-AS1 RNA and biotin-labeled EZR-AS1 antisense RNA, detected the amount of biotin-labeled RNA under the same volume (Supplementary Figure S7) , and then performed an RNA pull-down assay. A clear band, corresponding to RNA polymerase II protein, was observed in both the input and EZR-AS1 fraction, whereas no band was observed in the EZR-AS1 antisense fraction ( Figure 4G ). Moreover, EZR-AS1 RNA did not pull down SP1, and EZR-AS1 antisense RNA did not pull down RNA polymerase II (Figure 4F and G). These results indicate that an interaction exists between EZR-AS1 and RNA polymerase II. This interaction possibly occurs within EZR promoter region, since RNA polymerase II is highly enriched at the promoters of genes with active transcriptions. To further confirm this interaction, EZR-AS1 RNA abundance was reduced by first treating cells with RNase H or RNase A ( Figure 4H, left) , and then performing a RIP assay. The results showed that the interaction between EZR-AS1 and RNA polymerase II was markedly reduced, and was accompanied by the degradation of endogenous EZR-AS1, compared with the RNase inhibitor conditions (Figure 4H, right) . To sum up, these data demonstrate that EZR-AS1 forms a complex through an interaction with RNA polymerase II to activate the transcription of EZR. Given the function of RNA polymerase II in activating gene promoters, these results indicate that EZR-AS1 and RNA polymerase II might enhance the promoter activity of EZR.
EZR-AS1 enhances EZR expression by causing SMYD3 redistribution and binding of SMYD3 at a site within the GCrich region downstream of the EZR promoter
Previous reports demonstrate that antisense transcripts participate in epigenetic gene regulation through providing a scaffold for recruitment of histone-modifying enzymes (42, (53) (54) (55) . We speculate that there may be other molecules involved in EZR-AS1-mediated regulation of EZR expression in addition to EZR-AS1 involvement as a member of RNA pol II complex. It has been reported that SMYD3, a histone H3-lysine 4 (H3-K4)-specific methyltransferase, binds to a 5'-CCCTCC-3' motif present in the promoter region of downstream genes to transactivate the genes (56, 57) . We previously found that SMYD3 up-regulates EZR transcription in ESCC cells (39) . Therefore, we predicted that EZR-AS1, as a member of the RNA polymerase II complex, could recruit SMYD3 to the EZR gene. To test this prediction, we firstly knocked down SMYD3 using SMYD3 shRNA reported previously (39) , and confirmed that endogenous EZR expression was reduced, at both the mRNA and protein levels, by at least 50% compared with the control group ( Figure 5A, B and Supplementary Figure S8) . However, there was no effect on the expression of EZR-AS1 (Supplementary Figure S8) . Then we designed four pairs of chromatin immunoprecipitation primers targeting the SMYD3 binding site (SBS), in addition to several control primers targeting genomic locations that are not expected to be bound by SMYD3 on the EZR gene, and performed a ChIP assay ( Figure 5C, above) . Results showed that SMYD3 bound to the SBSs, but did not bind to 1792/1578 (exon 12 of EZR), 140/24 (EZR promoter) or −804/−885 (5'flanking fragment), which do not have SMYD3 binding sites, in the EZR gene ( Figure 5C, below) . In addition, knockdown of SMYD3 decreased the enrichment of SMYD3 protein from SBS-1 to SBS-4 ( Figure 5D ). These results suggest that SMYD3 binds to the specific region, containing SMYD3 binding sites, to up-regulate EZR expression, consistent with our previous results (39) .
Next, to evaluate the role of EZR-AS1 in SMYD3-mediated EZR expression, we knocked down or overexpressed EZR-AS1, and then performed ChIP assays. Results showed a decrease SMYD3 occupancy at SBS-1 and SBS-2 accompanied EZR-AS1 silencing, and conversely showed increased the binding of SMYD3 at SBS-1 and SBS-2 after overexpression of EZR-AS1, whereas there was inconsistent and/or no clear difference in SMYD3 occupancy at SBS-3 and SBS-4 ( Figure 5E and F) . These results suggest that EZR-AS1 caused accumulation of SMYD3 at SBS-1 and SBS-2, and was involved in SMYD3-mediated EZR expression.
Analysis of the EZR gene, using the CpGPlot Program (www.ebi.ac.uk/emboss/cpgplot) (58), showed that both SBS-1 and SBS-2 were located in the GC-rich region of the EZR promoter ( Figure 1A) . Compared with typical promoters, GC-rich promoters are not conducive to gene transcription (59) . Considering SMYD3 is a histone H3-lysine 4 (H3-K4)-specific methyltransferase (56,57), we surmised that EZR-AS1-induced SMYD3 redistribution may contribute to chromatin remodeling. To prove this, changes in H3K4me3 were detected. ChIP assay showed a similar decrease of H3K4me3 occupancy, at SBS-1 and SBS-2, accompanying EZR-AS1 silencing, and increased H3K4me3 content at SBS-1 and SBS-2 following overexpression of EZR-AS1 ( Figure 5E and F) . Thus, these results suggest that the accumulation of SMYD3 at SBS-1 and SBS-2, caused by EZR-AS1, is conducive to chromatin remodeling to enhance EZR transcription.
To further investigate which SMYD3 binding site was the key site for promotion of EZR transcription, we constructed a serious luciferase reporter gene plasmids, driven by various regions of the EZR promoter ( Figure 5G, left) , and then performed luciferase reporter gene assays. Compared with the empty vector control, the activity of both pGLB-hE (−1324/+550) and pGLB-hE (−87/+550) promoters was more than 2-fold increased by overexpression of EZR-AS1, and the activity was reduced by ∼50% upon silencing of EZR-AS1 ( Figure 5G , right, Supplementary Figure S9 ). However, when the SBS-1 was mutated, overexpression of EZR-AS1 could not increase reporter gene activity; and mutation of SBS-2 had no effect on the increased activity following EZR-AS1 overexpression (Figure 5G, right) . To confirm the involvement of SBS-1 in EZR-AS1-mediated enhancement of transcription, we con- structed EZR promoter plasmids with SBS-2, but without SBS-1, and then performed luciferase reporter gene assays (Supplementary Figure S10) . Whether SBS-2 was mutated or not, all reporter activity was decreased by about 50% after silencing EZR-AS1 and increased by more than 50% after overexpression of EZR-AS1 (Supplementary Figure  S10) . These indicated that the SBS-1 was the key binding site involved in the up-regulation of EZR transcription induced by EZR-AS1. Furthermore, western blot assays showed that overexpression of EZR-AS1 lost the ability to upregulate EZR expression in SMYD3 knockdown cells ( Figure 5H ). These results suggest that EZR-AS1, as a member of the RNA pol II complex, recruits SMYD3 to SBS-1 within the GC-rich stretch downstream of the EZR promoter, causing binding of SMYD3 and methylation of H3K4, resulting in the up-regulation of EZR transcription in ESCC cells.
EZR-AS1 interacts with SMYD3 to promote SMYD3 binding to the EZR gene
To explore how EZR-AS1 recruits SMYD3 to the EZR promoter, we further investigated an interaction between EZR-AS1 and SMYD3, in both UV-crosslinked and noncrosslinked cells, by RIP assay. Endogenous EZR-AS1 was enriched in the anti-SMYD3 RIP fraction compared to the non-specific IgG fraction in both UV-crosslinked and noncrosslinked cells. Moreover, compared to non-crosslinked cells, UV-crosslinked cells showed better signal strength ( Figure 6A) . Similarly, RNA pull-down showed a clear band, corresponding to SMYD3 protein, in both the input and EZR-AS1 fraction, whereas no band was observed in the EZR-AS1 antisense fraction ( Figure 6B) . Therefore, the data demonstrate that EZR-AS1 interacts with SMYD3 specifically and directly.
To identify the functional domain within EZR-AS1 responsible for associating with SMYD3, we cloned a series of deletion constructs of EZR-AS1, and then performed an RNA pull-down assay. As shown in Figure 6C , only full-length EZR-AS1 interacted with SMYD3, whereas the truncated lncRNAs could not, suggesting that the interaction between EZR-AS1 and SMYD3 protein involves a novel mechanism that depends on the tertiary structure of the full length of EZR-AS1, rather than the function of one or more EZR-AS1 domains.
We also cloned a series of Flag-tagged SMYD3 deletion constructs to identify its EZR-AS1-binding domain. We employed western blotting and immunofluorescence to confirm that the truncated plasmid was correctly expressed and positioned in the nucleus ( Figure 6D and E) , and then a RIP assay was performed. Results demonstrate that only the full-length SMYD3 protein associated with EZR-AS1 ( Figure 6D ), similar to the results with EZR-AS1. Collectively, these results show that the EZR-AS1 interact with SMYD3 to cause SMYD3 binding to SBS-1, within the GC-rich region downstream of the EZR promoter, resulting in the up-regulation of EZR transcription.
To further confirm the relationship of EZR-AS1 with both SMYD3 and RNA polymerase II in the regulation of EZR transcription, we reduced EZR-AS1 RNA levels by treatment with RNase H or RNase A ( Figure 4H, left) , and then performed a ChIP assay. Results showed there was a total release of SMYD3 from SBS-1, accompanied by the degradation of endogenous EZR-AS1, whereas RNA polymerase II remained bound to EZR SBS-1 ( Figure 6F ), suggesting that EZR-AS1 only recruits SMYD3, but not RNA polymerase II, to the EZR promoter to regulate EZR transcription.
DISCUSSION
Altogether, our work demonstrates that antisense lncRNA EZR-AS1 complexes with RNA polymerase II to activate the transcription of EZR. EZR-AS1 recruits SMYD3 to SMYD3 binding sites present in the GC-rich region downstream of the EZR promoter, causing local accumulation of SMYD3 and concomitant trimethylation of H3K4 at the EZR gene. Finally, the interaction of EZR-AS1 with SMYD3 further enhances EZR transcription and expression to increase migration of ESCC cells (Figure 7) .
RNA-seq data from 15 ESCC samples confirmed the expression of EZR-AS1 in ESCC and suggested a positive correlation between EZR-AS1 and EZR expression, consistent with the qRT-PCR results from ESCC cells and an additional 30 cases of ESCC samples ( Figure 1B and C) . Similar to the ability of lncRNA ANRASSF1 to regulate RASSF1A expression and promote cell motility (42), our work, both in vivo and in vitro, demonstrates that EZR-AS1 up-regulates EZR expression and enhances ESCC cell migration, suggesting that EZR-AS1 may be a potential therapeutic target for ESCC clinical therapy.
Just as BDNF-AS (60), ZEB2-AS (61) and BACE1-AS (62,63) affect target gene expression, we show that EZR-AS1 up-regulates EZR expression ( Figure 1D-I) . However, unlike other lncRNAs, EZR-AS1 does not influence transcription factor binding to the transcription region ( Figure  4E ), but rather forms a complex with RNA polymerase II to activate the transcription of EZR (Figure 4F-H) . Rescue experiments show that overexpression of EZR does not lead to a complete rescue of the cell motility inhibited by EZR-AS1 silencing, which suggests that EZR-AS1 not only regulates EZR expression, but also affects other target genes as well ( Figure 2C and D) . This is consistent with other mechanisms found for antisense lncRNA-mediated regulation (64) . When antisense lncRNA triggers DNA or chromatin modification, expansion of the modification may affect nearby promoters or enhancers, or may regulate a cluster of genes, an example being the Kcnq1 imprinted locus (64) .
The functions and mechanisms of antisense RNAs are diverse, from transcription to translation (51, 52) , with antisense RNAs acting as decoys or scaffolds to recruit chromatin-associated proteins in order to regulate gene expression (53, 55, 65) . In this study, ChIP assays show that silencing EZR-AS1 decreases SMYD3 binding on the EZR gene ( Figure 5E ). In contrast, overexpression of EZR-AS1 leads to complete rescue of the SMYD3 occupancy (Figure 5F ). In addition, we show that EZR-AS1 does not upregulate EZR expression following SMYD3 knockdown ( Figure 5H) , and that the interaction between EZR-AS1 and SMYD3 depends on the full length of EZR-AS1 (Figure 6C) , not the small regions comprising individual func- Figure 6 . EZR-AS1 recruits SMYD3 via linking SMYD3 to SMYD3 binding sites on the EZR gene. (A) RNA immunoprecipitation (RIP) assay with or without UV irradiation. KYSE150 cells were UV-crosslinked. Then RNA immunoprecipitation was used to detect endogenous EZR-AS1 levels bound to SMYD3 in UV-crosslinked cells or the non-crosslinked cells. IgG, and SP1 antibody was used as negative controls for RIP, whereas ACTB was used as a control for qRT-PCR. Mean ± SD (n = 3). Data were from three independent experiments. *P < 0.05 or **P < 0.01. (B) RNA pull-down assay of biotin-labeled full-length EZR-AS1 RNA in KYSE150 cells. Western blot detected SMYD3 in EZR-AS1 complexes. Biotin-labeled EZR-AS1 antisense and SP1 in immunoprecipitates was used as the negative control. Data are representative of three independent experiments. (C) RNA pull-down assay of biotin-labeled full-length EZR-AS1 or truncated EZR-AS1 RNA in KYSE150 cells. Western blot detected bound SMYD3. Data are representative of three independent experiments. (D) RIP assay of truncated SMYD3 in KYSE150 cells. A plasmid encoding Flag-SMYD3 or truncated SMYD3 was transfected into KYSE 150 cells, and an anti-Flag-tag antibody was used to detect expression of all plasmids (left, down). Then, the same Flag-tag antibody was used to immunoprecipitate protein-RNA complexes, and EZR-AS1 levels in the immunoprecipitates were determined by qRT-PCR (right). (E) Immunofluorescence analysis of Flag-SMYD3. KYSE 150 cells transfected with Flag-SMYD3 or truncated SMYD3 were inoculated onto fibronectin-coated coverslips, and then immunofluorescence analysis was performed. (F) RNase-ChIP assay of anti-SMYD3 or anti-RNA Pol II antibody in permeabilized KYSE150 cells treated with RNase H or RNase A. qPCR was used to detect the amount of EZR genomic DNA. Detection of EZR-exon 12, EZR promoter and ACTB were used as controls. Data (mean ± SD, n = 3) are from three independent transfection experiments. *P < 0.05 or **P < 0.01. Data are representative of three independent experiments. tional domains (66) . Importantly, ChIP assays show that degradation of EZR-AS1 RNA, by treatment with RNase A or RNase H, causes a total release of SMYD3 from SMYD3-binding site SBS-1, located in the GC-rich region downstream of the EZR promoter ( Figure 6F ). These results suggest that antisense lncRNA EZR-AS1 may provide a scaffold for SMYD3 recruitment, leading to redistribution and enrichment of SMYD3 along the EZR gene. In addition, since GC-rich regions are generally not conducive to transcription, such recruitment of the histone methyltransferase SMYD3 would be important for triggering chromatin remodeling to enable increased EZR transcription.
The lncRNA ANRASSF1 has been shown to form an RNA/DNA hybrid within its target gene (42) , and pRNA (promoter-associated RNA), which is complementary to the rRNA gene promoter, has been found to interact with complementary sequences within the duplex DNA of rDNA, forming an RNA-DNA-DNA triplex structure (67) . RNase H digests RNA from RNA/DNA hybrids, but has no effect on single-stranded RNA (ssRNA) or RNA/RNA duplexes, whereas RNase A digests ssRNA, as well as RNA/RNA duplexes (68) (69) (70) (71) (72) . In our study, we found a 127-nt complementary sequence between the EZR-AS1 RNA and the EZR DNA (Supplementary Figure S1) . Treatment of permeabilized cells with RNase H decreases the concentration of endogenous EZR-AS1 ( Figure 4H ). Furthermore, RNase ChIP assays show that SMYD3 is released from SBS-1 following treatment with RNase H (Figure 6F) . These results indicate that RNA-DNA hybrid formation between EZR-AS1 RNA and the EZR DNA may be involved in EZR-AS1-mediated upregulation of EZR transcription. However, EZR-AS1 RNA-DNA hybrid formation was not directly shown in this study. The formation and mechanisms for RNA-DNA hybrid formation remain to be elucidated in future.
In conclusion, we demonstrate that antisense RNA EZR-AS1 up-regulates EZR transcription and promotes ESCC cell migration through an interaction with both SMYD3 and RNA polymerase II. The highlight of this work is the molecular mechanism by which lncRNAs regulate gene expression whereby EZR-AS1 recruits histone methyltransferase SMYD3 and interacts with RNA polymerase II to promote the transcription of target genes.
